Introduction
Many studies on the prediction of the crack width grounded on experimental data are available in literature, like those by Gergely and Lutz [1] , Oh and Kang [2] , Frosch [3] and Gerstle [4] . Crack width is related to the geometry and position of the reinforcing steel, and to the bond between steel bars and concrete, as presented by Goto [5] .
More recent research focuses on the factors that influence the crack width itself, like the works of Borosnyói et Balázs [6] and Beeby [7] that evidenced how the transverse reinforcement plays a significant role on the crack spacing.
Crack widths are generally calculated by designers using simplified methods adopted by design codes (i.e. Model Code 1990 [8] and 2010 [9] or Eurocode 2 [10] ). The methods proposed by these three codes are very similar and calculate the crack width by multiplying the maximum crack spacing by the strain of the steel reinforcement in the crack. Nevertheless, the formulations proposed are generally calibrated for direct action induced cracking, while limited attention has been given to implicit actions [11] .
In this paper, grounding on the previous work of the authors [12] , cracking induced by implicit actions like shrinkage or temperature variations has been studied on the simplest structure: a tie under Two concrete classes and several reinforcement configurations have been investigated. Crack width has been calculated by means of non-linear discrete cracking FEM (Finite Elements Model) models and finite differences hand calculations both applying explicit actions (an external force pulling the bars at one end of the tie) and applying imposed deformations (thermal cooling of concrete). The results have been compared with the output of the calculations done following the approach proposed by design codes (MC2010 and EC2).
The effect of the variation in time of the concrete Young modulus and the creep effect have not been taken into consideration in this work, but it is clear from the results of the present work and many other studies available in literature [13] [14] [15] that they will lead to a significant decrease of cracking phenomena when combined with shrinkage imposed deformations.
Model used to evaluate direct actions induced cracking
Direct actions induced cracking has been studied on a reinforced concrete tie with length L, concrete cross section A c , and steel cross section A s already described in [12] .
The tie is perfectly restrained at its starting point, A, free at end point, B, and can be loaded in B as shown in figure 1(a) in two different ways:
1. applying the force F only to the bars; 2. applying the force F to both concrete and steel. In case 2, the force F generates a uniform state of stress along the tie with σ s = n ּ σ c . Therefore, the force F cr,1 can also be interpreted as the force applied to both concrete and steel in point B, which causes a constant cracking stress in the tie. The position of the first crack, in this case, cannot be predicted with a deterministic approach, therefore it can be arbitrarily chosen exactly in point B as it does not affect the result of the investigation. The second crack will then appear for the same force in any point outside the transfer length exactly as in case 1.
Model used to evaluate implicit actions induced cracking
Implicit actions induced cracking has been studied on a tie with the same cross sections and materials, but a different static scheme, called 2, where the tie is perfectly restrained at its starting point A, and end point C, and it is long 2L as shown in figure 2(a). If an implicit action like an imposed shortening strain έ cs (i.e. thermal cooling or shrinkage) arises in concrete, it will tend to shorten. Therefore, an elastic deformation ε ce = -έ cs will occur in concrete and a consequent tensile stress σ c = E c ּ ε ce will generate. However, due to the restrain level at beginning and end of the tie, no total deformation can arise in every point P of the tie. No deformation and no stress will be present in steel in such situation.
When the tensile stress in concrete reaches the tensile strength, σ c = f ct , the first crack will appear in the tie and a completely new configuration of strain and stresses will take place in both concrete and steel because of bond-slip interaction between the materials. Again, the position of the first crack cannot be predicted with a deterministic approach, therefore it can be arbitrarily chosen in any point of the tie. If chosen in the midspan, it leads to a third static scheme, where the tie has a length L, both concrete and steel are restrained in point A and only steel is restrained in point B, as shown in figure 2(b) and as described in [12] . 
Solution procedures
Direct actions induced cracking has been studied in the model described in paragraph 2 by means of both non-linear discrete cracking FEM models [16] and finite differences hand calculations.
Implicit actions induced cracking has been investigated only by means of non-linear (N.L.) FEM analysis, as closed form solution is nontrivial. The obtained results for both direct and implicit actions, in terms of crack widths and crack spacing, have been compared with MC2010 [9] and EC2 [10] provisions.
In the non-linear finite element model, concrete and steel are modelled with truss elements connected by interface elements according to MC2010 bond-slip law [9] , [17] , [18] . Incremental load stepping is applied. Steel is modelled as elastoplastic material. With regards to concrete, discrete cracking approach is followed substituting concrete elastic elements with brittle elements where tensile strength of concrete is reached.
If concrete tensile strength is reached contemporaneously in many different elements, the position of the crack is arbitrarily chosen at the minimum distance from the closest one. This choice does not influence the results and their interpretation, as shown in the following. Several tests using different elements lengths have been done to exclude results mesh-dependence.
Test Cases
Concrete classes C20 and C50 have been considered in the simulations in order to represent a low strength concrete and a high strength one. The mechanical parameters of steel and concrete used in the analyses are resumed in Each specimen has been subjected to external axial force according to load scheme n°1, as shown in Figure 1 , obtaining crack spacing and crack opening in good accordance with crack previsions given in MC2010 for explicit actions. Once validated the model with direct loading, internal imposed deformations έ cs have been applied in load scheme n°3.
Crack width calculations following codes provisions
The relationships proposed by fib MC2010 [9] and EC2 [10] for the calculation of cracks opening w, are presented in this paragraph for comparison with FEM results. Both codes require a minimum reinforcement in order to avoid yielding at first cracking as follows:
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that is to say a minimum mechanical reinforcement ratio equal to one should be expected.
Once minimum reinforcement is provided, crack width calculation can be done according to the following paragraphs. It is important to underline that reinforcement layouts 1 and 3 (2ϕ10 and 1ϕ14) do not respect the minimum reinforcement requirement when associated to C50, as can be seen in table 2, therefore will undergo yielding after cracking.
The crack width can be calculated following MC2010 and EC2 respectively using equations (3) and (4 
where:  l s,max is the transfer length, that is the distance between the crack and the point where the maximum stress in concrete is reached or, in other words, the length over the slip between concrete and steel occur;  ε sm is the average steel strain along l s,max ;  ε cm is the average concrete strain along l s,max ;  ε cm is the strain of the concrete due to (free) shrinkage. The value of l s,max can then be calculated respectively using equations (5) and (6) 
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where:  k, is an empirical parameter to account for cover and is taken here equal to one;  c, is the concrete cover;  f ctm , is the mean cylinder compressive strength;  ϕ, is the longitudinal bar diameter;  ρ, is the reinforcement ratio calculated as in section 5;  τ bms , is the mean bond strength between steel and concrete (assumed for the case of short term crack formation stage as equal to 1.8•f ctm ).  k 1 is a coefficient assumed as 0.8 for good bond conditions;  k 2 is a coefficient assumed as 1 in the case of a simple tie;  k 3 and k 4 are coefficient set equal to 3.4 and 0.425 as recommended;
The relative mean strain defined in eq.(3) and (4) may be evaluated as follows. MC2010 allows to account for the effect of implicit actions as the value of imposed deformation can be introduced in eq. (7) 
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where:
• f ctm /A s , is the steel stress in a crack ;
, is the maximum steel stress in a crack into crack formation stage;  α e = E c /E s is the modular ratio,  β is an empirical coefficient set equal to 0.6 for short term/instantaneous loading;  η r, is a coefficient for considering the shrinkage effect, in this case assumed as unit;  ε sh is the imposed strain (ε sh = έ cs in this work).
No relation between design crack widths, w d , characteristic ones, w k , and mean ones, w m , is given in the codes. The coincidence between w d and w k is generally accepted, being the safety coefficient in serviceability equal to one. The mean value of crack width w m should be smaller than w k ; ENV1992-1- 1 [19] suggests the relation w k = 1.7 w m . The authors found no statistical evidence on this subject in literature.
Results comparison

Direct actions induced cracking
The comparison between the crack spacing and crack opening calculated for concrete C20 on static scheme 1, described in paragraph 2, are presented in table 3. The following considerations can be drawn: 1. N. L. FEM and hand calculations are done using mean material properties, being non-linear analyses, and provide excellent accordance in terms of crack opening, but not in term of crack spacing. N. L. FEM seems not to be able to estimate precisely crack spacing as provides the same spacing for different bar layouts. 2. The lack of accuracy of N.L. FEM in predicting crack spacing does not affect the result in term of crack opening. The part of the slip curve relative to the zones where concrete stress undergoes a very small variation (shown in the gray box in Figure 3 ) can be easily miscalculated by FEM; however, even a significant error in the abscissa leads to a very small inaccuracy in the slip calculation, allowing a correct evaluation of crack opening. 3. MC2010 provides both crack width and crack spacing in good accordance with finite differences solution. The design values "d" seems then to be equal to mean ones "m". 4. EC2 generally provides wider crack spacing than MC2010 and therefore bigger crack widths. It must be underlined that for uniformity of comparison the limit (ε sm -ε cm )0.6σ s /E s has been neglected otherwise ε sm -ε cm would have been equal to 0.6σ s /E s for all layouts.
Implicit actions induced cracking
The results of the N.L. FEM simulations in terms of number of cracks n c , average crack opening w m , average stress in the steel bars in correspondence of the cracks σ s,m and maximum stress in concrete between cracks σ c,max are presented in table 4 and 5 respectively for concrete class C20 and C50. , table 6 shows the minimum crack spacing and the average bond stress. Table 6 . Minimum crack spacing and average bond stresses. Moreover, the effect of cover and transverse confinement has not been taken into consideration in this work. Further research is now ongoing to extend these results to all concrete classes and to derive from this simulation a simple model to predict crack width and spacing due to implicit actions. The favourable effect of creep on shrinkage imposed deformations is also object of study at the present time.
